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Error Rate Analysis of Differentially Encoded 
and Detected 16APSK Under Rician Fading 
Fumiyuki Adachi, Senior Member. IEEE 
Abstruct- A theoretical analysis of bit error rate (BER) is 
presented for the differential detection of differentially encoded 
16-level amplitude/phase shift keying (16DAPSK) under Rician 
fading in the presence of Rayleigh faded co-channel interference 
(CCI) and additive white Gaussian noise (AWGN). Differential 
detection comprises eight-level differential phase detection (DPD) 
and two-level amplitude ratio detection (ARD). Exact expressions 
for probability distributions of dlifferential phase noise and am- 
plitude ratio are derived for the IBER calculation. The calculated 
BER performance of 16DAPSK i:s presented for various values of 
Rician fading K factor, Doppler spread of diffused component, 
and Doppler shift of the speculair component, and is compared 
with that of 4-16DPSK. It is shown that 16DAPSK is superior 
to 16DPSK and requires 1.7 (1.6) dB less Eb/No (SIR) at 
BER = lop3 in Rician channels with K = 5 dB. 
I. INTROIDUCTION 
OBILE radio systems require highly bandwidth- M efficient digital modulation schemes because of the 
limited resources of the available radio spectrum. Sixteen-level 
modulation schemes are being intensively studied for mobile 
radio applications [ 11-[4]. They include 16-level quadrature 
amplitude modulation (16QAM), 16-level amplitude/phase 
shift keying modulation (16APSK, sometimes called 16 
star QAM), and 16PSK. 16QAM needs coherent detection. 
However, since the performance of coherent detection is 
severely affected by fast mulltipath fading because of the 
tracking problem experienced by carrier recovery circuits in 
fast-fading environments, diffeirentially coherent detection (or 
differential detection) is prefen-ed. Adachi and Sawahashi [2] 
compared the performance of various 16-level modulation 
schemes in very slow Rayleigh fading. They showed that 
differentially encoded and detected 16APSK (hereafter, 
referred to as 16DAPSK) outperforms 16DPSK. 
A typical fading model in Land mobile radio is Rayleigh 
fading. This model is suitable for urban areas that are charac- 
terized by many obstacles, such as buildings surrounding the 
mobile station; a line of sight path seldom exists. However, in 
suburban areas, sometimes a line of sight path is produced that 
results in Rician fading. This m,ay be also true for microcellular 
systems with cells of less than several hundred meters in radius 
and for satellite mobile channels. Rician fading is characterized 
by the K factor, which is the power ratio of specular and 
diffused components. It represents Rayleigh fading when K = 
0, and no fading when K -' M. Rician fading, thus, can 
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Fig. 1. Modulator structure. 
be considered a general fading model for both land mobile 
channel and satellite mobile channel. In addition, in cellular 
systems, co-channel interference (CCI) is produced because 
of the reuse of the same radio frequencies at different cells. 
Since the CCI propagates from far cells, it can be considered 
to suffer from Rayleigh fading. 
This paper presents a bit error rate (BER) analysis for 
16DAPSK under Rician fading in the presence of Rayleigh 
faded CCI and AWGN. Section I1 describes the transmis- 
sion model. Differential detection of 16DAPSK comprises 
eight-level differential phase detection (DPD) and two-level 
amplitude ratio detection (ARD). Section I11 derives exact 
expressions for the distributions of differential phase noise and 
amplitude ratio. Section IV calculates the BER performance 
of 16DAPSK and compares it with that of four- 16DPSK. 
11. TRANSMISSION MODEL 
A. I6DAPSK Modulation 
The modulator structure of 16DAPSK is shown in Fig. 1. 
The input binary sequence is transformed into a sequence 
of four-bit (anbncndn) symbols; the carrier is differentially 
phase- and amplitude-modulated by the first three bits 
(anb,c,) and the last bit d,, respectively. 16DAPSK is, 
therefore, a combination of independent 8DPSK and 2DASK. 
The complex envelope of the modulated signal can be 
represented as 
00 
s ( t )  = T,eJ+nhT(t - nT) 
n=--03 
03 
= d% s,hT(t - nT) (1) 
n=--00 
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where S and D are, respectively, the powers of the specular 
and diffused components, Es, ,  is a zero-mean complex Gauss- 
ian variable with unity variance (i.e., ( l € s , n 1 2 )  = l), 0 is the 
unknown constant phase, and f d  is the Doppler shift. The 
second term of (2) is the Rayleigh faded CCI; CL,,' is a zero- 
mean complex Gaussian variable with unity variance, which 
is independent of e,,, and 
00 
dt,n = T 2 , n - m  ~ X P  [jdz,n-m]h(m~ + AT) ( 3 )  
m=--03 
where rz,n exp j q&,  is the complex envelope of the modulated 
CCI, h(t) = h ~ ( t ) @ h ~ ( t )  is the overall (a combination of the 
transmit and receive filters) channel impulse response, and AT 
is the timing offset relative to the desired signal. In (2), wn is 
the sample of filtered AWGN with variance n2. The signal-to- 
noise ratio (SNR) I' and the signal to interference ratio (SIR) 
A are defined as 
D 
= (1 + K ) , 2  S + D  r=- 
Fig. 2. Signal constellation. nz 
D where r, and $, are, respectively, the two-level amplitude 
and eight-level phase of the carrier, r, = {TL ,  r H } ,  $, = 
A = -  = (1 + K ) r  (4) S + D  I 
{mn/4; m = 0 - 7}, S is the average signal power, T is the 
symbol time duration, and h~ ( t )  is the transmit filter impulse 
response. Letting a (= rH/rL  > 1) be the amplitude ratio, 
then rL = d m  and T H  = 2/2u2/(u2 + 1). The 
signal constellation is shown in Fig. 2. Mapping rule of the 
four-bit symbol to the phase difference A& = 4, - i#,-1 and 
where K(= S / D )  is the so-called K factor of Rician fading. 
As special cases, the channel is an AWGN channel (no diffused 
component) when K + 00 and a Rayleigh channel (no 
specular component) when K = 0. 
c. Differential Detection 
the amplitude ratio Ar, = r,/r,-I is as follows. For 8DPSK, 
Gray encoding is applied; A& = 0 if (unbncn) = (000), 
n/4 (OOl), n/Z (Oll), 3n/4 (OlO), 7r (110), 57r/4 (ill), 3n/2 
(101), and 7n/4 (100). For 2DASK, the carrier amplitude 
changes from J2s TL to v53 T H  or vice versa if d, = 1, 
while no change happens otherwise, i.e., if d, = 0, Ar, 
(= rn/rn-l)  = 1, otherwise it takes the values of a or a- l ,  
depending on the previous amplitude. 
B. Received Signal Representation 
We assume that the desired signal is subjected to Rician 
fading and is perturbed by AWGN and Rayleigh faded CCI. 
Under Rician fading, the received desired signal is the sum 
of the specular and Rayleigh faded diffused components. 
We assume that the fading is much slower than the signal 
modulation rate 1/T so that the receive filter does not distort 
the received desired signal and the CCI and that there is no 
time delay between the specular and diffused components. 
The receives structure is shown in Fig. 3. We assume here 
that the overall filter response is an intersymbol interference 
(1SI)-free Nyquist filter response that is equally split between 
the transmit and receive filters. Furthermore, perfect sampling 
timing is assumed. Hence, the sampled signal at t = nT can 
be written as 
Differential detection of a 16DAPSK signal can be split into 
two stages: eight-level DPD and two-level ARD. The DPD 
and ARD detectors detect the phase difference and amplitude 
ratio of the two successively received signals, respectively, and 
their respective outputs are given by A$, = arg(z,z:-l) and 
Ai,  = I~~l/l~,-11, where * denotes complex conjugate. The 
decision rule is to find the A?, from {mn/4; m = 0 - 7) 
that is closest to A4%. AT, is chosen from { a p 1 ,  1, a} ;  
ATn = 1 if ArL 5 A'?, 5 ATH, ATn = U if ArH < A?,, 
and AS-, = u-' if A'?, < ATL, where ArL and A T H  are 
the decision thresholds. Because the detector output contains 
asymmetrically distributed noise, the optimum thresholds (to 
minimize the average BER of 16DAPSK) may not be exactly 
the same as ArL = (1 + a- ' ) /2  and A T H  = (1 + .)/a. 
(The optimum thresholds are found by numerical calculation 
in Section IV.) The transmitted four-bit symbol (anb,c,dn) 
is recovered from Aq, and AT,. 
111. BER ANALYSIS 
An 8DPSK decision error is produced when the differential 
phase noise, Afj, = Aq, - A&, of the DPD detector output 
falls outside the region [ -n /8 ,  n/8]. 2DASK decision error is 
produced when the amplitude ratio, A?, of the ARD detector 
output falls into the region [ArL, b H ]  (or AS-, = 1) for 
d, = 1 and when it falls outside [ArL, A r H ]  (or As;, = a 
or u- l )  for d, = 0. The BER can, thus, be evaluated from 
the probability distributions of Afj, and A?',. First, in this 
section, we derive the distributions under Rician fading in the 
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Fig. 3. Receiver structure for differential detection. 
presence of Rayleigh faded CCI and AWGN. BER expressions 
for 16DAPSK are then derived. 
A. Distribution of DifSerential Phase Noise 
To derive the probability distribution of A?,, we exploit the 
fact that the desired signal diffused component and Rayleigh 
faded CCI are complex Gaussian variables for a given sn and 
&,, and can be combined with the filtered AWGN to form 
another complex Gaussian variable. We apply Pawula et aZ.’s 
result of case 3-unequal signal conditions, correlated noises 
[5, (12)]. It should be noticed that just for analysis purposes, 
the desired signal diffused component is included as part of 
the undesired noise of CCI and AWGN. This idea was first 
applied by Mason [ l l ]  and later by Korn [12] to the BER 
analysis of M-ary DPSK under Rician fading. 
The differential phase noise is expressed as Afj, = 
arg[xn(x,-l expjA&)*]. We rewrite (2) as 
( 5 )  
where 5, is the sum of the desired signal diffused component, 
Rayleigh faded CCI and filtered AWGN, Le. 
zn = J2ssn  e x p j ( 2 r f d n ~  + 0) + Sn 
5n = m s n E s , n  + aEz ,ndz ,n  + w n  (6) 
which is characterized as a zero-mean complex Gaussian 
variable. The signal-to-noise ratios, p2 and p 1 ,  and the noise 
correlation, r+jX, defined in [5,  (4), (5 ) ]  can be obtained from 
where (.) denotes the statistical average. Since the fading 
complex envelopes, Es,, and Ez,,, and the filtered AWGN 
sample w, are uncorrelated, zero-mean variables, and since the 
two successive noise samples, w, and w,-~, are uncorrelated 
because of the square-root Nyquist receive filter, we have 
where p~ = (&,nE;,,-1) = (<z,nJ:,n-l) is the fading auto- 
correlation of the desired signal diffused component and that 
of the CCI. We have assumed that the Rayleigh fading on the 
desired signal diffused component and CCI are produced by 
the same nearby obstacles, such as buildings, surrounding a 
mobile station; they are statistically independent but have the 
same autocorrelation function. Substituting (8) into (7) and 
using (4), we obtain (9), shown at the bottom of the next 
page, since sns:-l = r,r,-1 expjA&. 
The phase difference A@ between x, and x,-1 expjA4, 
in the absence of the desired signal diffused component, CCI, 
and AWGN is given by A@ = arg[(zn)(zn-l expjA&)*] = 
27rfdT. Thus, the probability distribution of A?, can be 
expressed as [5] 
Prob [Aq 2 Afj, 2 -7r] 
= F(AT/) - F(-T)  f U(AT/ - 2XfdT)  (IO) 
where u ( x )  = 1 if x 2 0 and u(z )  = 0 otherwise, and F ( A q )  
is given by 
F ( A q )  = / T f 2  
-a12 
47r 
-”[ -Wsin (Aq - 27rfdT) 
U - V sin t - W cos (Aq - 27r f d T )  cost 
J m s i n  (AT/ - 6) + 1 dt 1 - Jm cos (Aq - 6) cost 
E =  U - V sin t - W cos (Aq - 27r fdT) cost 
1 - d m  cos (Aq - 6 )  cos t 
x 
2 2 r 
(11) 
, w = m, 6= tan-’ -. ,v=- P2 - P1 P2 + P1 u=- 
From (9)-(ll), the distribution of Afj, can be calculated. 
Because of the Doppler shift f d  of the specular component and 
also the presence of CCI, Afj, is asymmetrically distributed 
about zero. 
B. Distribution of Amplitude Ratio 
The probability of A?, being less than some positive 
value Ar is derived. We use the equality that prob [AT 2 
A?,] = Prob [1zn-1I2Ar2 2 1 ~ ~ 1 ~ 1 .  Using the transformation: 
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z1 = z, + AT. znP1 and 2 2  = z, - Ar ’ znP1, we obtain 
Prob[Ar 2 A?,] = Prob[Re(zTzz) 5 01. From [6, pp. 
320-3231, we can show 
1 
L J 
where Q(a,  /3) is Marcum’s Q function and 1o(x) is the 
modified Bessel function. a ,  P, and A are given by 
In our case, (21) = (zn) + ~ r ( z , - 1 )  = J2ssn e x p j 2 ~ f d n ~  
+Ar . & % s n - 1 e x p j 2 7 i f d ( n .  - 1)T and ( 2 2 )  = (2 , )  - 
A r ( z , - l )  = a s ,  e X p j 2 7 i f d n T  - ar . &i3sn-l 
e x p j 2 7 i f d ( n  - 1)T, and thus, a!, oi, and p in (13) are 
given by 
+1+Ar2  
1 r : - r i - l ~ r 2 + 2 j ~ n r n - 1  Ar Im (pc exp j ~ 4 , )  1+K A + I de  ,n 1’ - I &,n- 1 1’ AT2 Im (fit ds,ndz,m- ) 
+ 1 -Ar2 .  (14) 
For calculating the BER, however, the integral form of (12) 
may be more convenient. We further apply [6, (A-3-3)] to 
obtain the following expression: 
Prob [AT 2 A?,] = G(Ar)  + u(Ar - ATn) (15) 
where 
and a,  ,8, and A can be expressed using p2, p l ,  and r + jX 
in (9) as 
C. Special Cases 
Here, two special cases of the AWGN and Rayleigh chan- 
nels are considered. 
I )  AWGN ChanneE: Let K i 00 and A i 00 (no CCI). 
In this case, p1 = rri-l, p2 = r r i  = (p lAr i )r i - l ,  and 
r + j X  = 0. Expressions for F ( A v )  and G(Ar)  can be 
simplified to (18), shown at the bottom of the following page, 
and (19), respectively 
] d t .  (19) ib-2 + AT2 - 2ArnAr cost I + Ar2 
2) Rayleigh Channel: The expressions derived for F ( A q )  
and G ( h )  require numerical integration. For the Rayleigh 
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Fig. 4. Power spectrum of the Rician fading complex envelope. 
5 10- 
: 
h 
m 
a, 
M 
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I l l  1 1  1 1 1 1  
1.80 1.90 2.00 2.10 2.20 
a 
Fig. 5 .  
dB). 
BER dependence on amplitude ratio. AWGN channel ( K ,  A -+ oc, 
fading case ( K  = 0), p1 and pz -+ 0. So, we can obtain much 
simpler expressions (for their derivation, see Appendix A) 
1 d m s i n  (Aq - 6) + -  
T J1 - (T' + A') COS' (Aq - 6) 
(20) 
1 + d m c o s  (Aq - 6) J 1 - d m c o s  (Aq - 6) . tan-' 
1 
AWGN channel 
1 GDAPSK 
: h  
5 10 15 2 lo-';' ' I '  " ' I " " ' ' ' I '  
Average &/No (dB) 
Fig. 6. BER performance with optimum amplitude and decision thresholds 
at Eb/No = 15 dB in AWGN channel. 
-1 
2 
G(Ar) = -[sgn (Ar - AT,) + A] (21) 
where T + j A  and A are given by (9) and (17) with K = 0, 
6 = tan-l(A/r), and sgn(z) = 1 for 2 2 0 and -1 otherwise. 
D. BER Expressions 
Since the modulation and detection process of 2DASK is 
independent of that of 8DPSK, the BER of 16DAPSK is 
exactly given by the sum of those of 8DPSK and 2DASK 
3 1 
4 4 p b  = - P 8 D P S K  + -PZDASK.  (22) 
1) 8DPSK Error Rate: We divide the error regions [-T, 
-n/8) and [ ~ / 8 ,  n) into eight subregions {A,; m = 3~4 ,  f 3 ,  
Am = [(2m - l )n/8,  (2m + 1 ) ~ / 8 )  for other m's. The BER 
of 8DPSK can be calculated from C,(Hm/3)Pm, where H ,  
is the Hamming distance between the transmitted three-bit 
8DPSK symbol and an incorrect symbol that corresponds to 
the region A,, and P, is the probability of Aij, falling into 
A,. P, can be derived using F(Aq) .  For the Gray encoded 
f 2 ,  f l } .  Am=-4 = [-n, - 7 ~ / 8 ) ,  Am=4 = [ 7 ~ / 8 ,  T ) ,  and 
-AT, sin (Aq - 2~ fdT) F(AT/) = - 
2n -?r/2 Arz + 1 - (AT: - 1) sint  - 2Ar, cos (Aq - 2TfdT) cost 
1 + 1 - (AT: - 1) sint  - 2Ar, cos (Aq - 2 ~ f d T )  cost} d t  (18) 
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Fig. 7. 
channel (average Eb/No i 00 dB). 
BER performance in very slow Rician fading. f d T  = fmT = 0. (a) AWGN-limited kc ian  channel (A i 00 dB). (b) CCI-limited Rician 
8DPSK described in Section 11, we find that H*1 = 1 and 
H ,  = 2 otherwise. The BER is given by 
We have assumed that the Doppler shift f d  of the specular 
component is much smaller than the modulation rate such that 
/ 2 ~ f d T I  < n/8. 
2) 2DASK Error Rate: The BER depends on the two suc- 
cesive amplitude samples r,). For the case of T , - ~  = 
T,(AT, = l ) ,  the error region is outside [ATL, ATE]. On the 
other hand, for the case of T,-I # T, (AT, = u-l or a), the 
error region is inside [ATL, A T ~ ] .  Considering the values of 
ArLIArn and ArH/Arn  for each case, the BER of 2DASK 
can be given by 
G(ATL)  - G ( A T H )  if T ~ - I  = rn(Arn = 1) 
G(ArH) - G(ArL) otherwise. 
(24) 
P2DASK = 
IV. NUMERICAL BER CALCULATION 
The distributions of the phase noise and amplitude ratio 
are affected by the fading correlation pc. The numerical 
calculation assumes a land mobile channel and use pe = 
Jo(2?rfmT) [7], where f m  is the maximum Doppler frequency 
or Doppler spread given by the mobile station traveling 
speedcarrier wavelength and Jo(.) is the Bessel function. 
This fading correlation is obtained from the assumption that 
multipath waves arrive at the mobile station antenna from all 
directions with equal amplitude. The power spectrum of the 
diffused component is given by P ( f )  = D / { n d m f i }  for 
I f 1  5 jm and zero otherwise [7]. The Doppler shift f d  depends 
on the difference between the arrival angle of the specular 
component and the traveling direction. Note that I f d i  5 f,. 
The power spectrum of Rician fading is shown in Fig. 4. 
For cellular systems, the CCI comes from spatially separated 
co-channel cells whose modulation timing may not be syn- 
chronized with the desired cell. The modulation timing offset 
AT can be assumed uniformly distributed over [-T/2, T/2).  
When AT # 0, the sampling timing for the CCI is offset from 
the ideal timing; hence, dz,n # r%,, expj+hz,, and it contains 
IS1 from the several adjacent symbols [see (3)]. The IS1 is 
given by T - % , , - ~  exp [jq5,,,-,]h(mT + AT),  m # 0, and its 
magnitude generally becomes larger as lATl varies from 0 to 
0.52' (note that h(mT + AT) = 0 if AT = 0). The overall 
filter response h(t)  we consider is that of the spectrally raised 
cosine Nyquist filter 
sin ntlT cos unt/T 
h( t )  = ~ 
rt/T 1 - ( 2 ~ t l T ) ~  
where u is the roll-off factor (0 5 u 5 1). It was found 
from (25) that when u = 0.5 the value of Ih(mT - 0.5T)I 
is -4.4 dB, -18.4 dB, and -35.3 dB for m = 1, 2, and 3,  
respectively. From this, the immediate adjacent symbol may be 
sufficient to consider for BER calculation. Here, however, we 
take into account IS1 from two future and two past symbols. 
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Fig. 8. Performance comparison. (a) AWGN-limited Rician channel. (b) CCI-limited Rician channel. 
We assume that Aro and A& are to be detected. Without 
loss of generality, we assume A&, = 0. The steps for BER 
calculation are as follows: 
1) Generate the co-channel phase sequence 4 = ( 4 - 3 ,  
+z,-l, +% o, bz,+l, $z,+2), amplitus: sequence 
= (rz,-3, rz , -2 ,  r%,-l, r z , O ,  rz,+1, rz ,+2) ,  and 
random timing offset AT. 
2) Compute the values of &,-I  and dz,o using (3) and (25), 
and substitute them into (9) to obtain p 1 ,  p 2 ,  and r + j X  
for the given r-1 and ro. 
3) Compute the conditional BER of 8DPSK using (1 1) and 
(23) and that of 2DASK using (16) and (24). 
4) Repeat steps 1)-3) for all sequences of gZ and E, and 
AT to obtain the average error rates of P ~ D P S K  and 
5) Compute the average BER Pb of 16DAPSK using (22). 
6) Finally, the overall average BER is the average of Pb 
P 2 D A S K .  
over r - 1  and ro. 
A. Optimum Amplitude Ratio and Decision Thresholds 
The BER of 2DASK depends on the amplitude ratio a and 
the decision thresholds, ArL and b H ,  while that of 8DPSK 
depends on a only. First, the optimum values of a, ATL, and 
ArH were determined assuming an AWGN channel and no 
CCI. The BER dependence on a is shown in Fig. 5. At each 
value of a, the optimum ArL and ArH were used. As a 
increases, the BER slowly decreases at first and then increases. 
It can be observed that the optimum value of a is a = 2.05 with 
(ArL, ArH) = (0.66, 1.51) at the average signal energy per 
bit-to-AWGN power spectrum density ratio of Eb/No = 15 dB 
(note that Eb/No equals F/4); however, the optimum range 
is broad. When Eb/No = 12 dB, the optimum a is slightly 
smaller and the optimum range is much broader than when 
&/No = 15 dB. Therefore, in the following BER calculation, 
we used a = 2.05 and (ArL,  ArH) = (0.66, 1.51). The 
BER performance in the AWGN channel is shown in Fig. 6 
together with those of phase bits (assigned to 8DPSK) and of 
the amplitude bit (assigned to 2DASK). 
For comparison, BER performances for 4-16 DPSK with 
differential detection in the AWGN channel are plotted in 
Fig. 6 as dotted lines. (BER expressions for MDPSK are 
derived in Appendix B.) 16DAPSK performance lies between 
those of 8DPSK and 16DPSK; it is 2.3 dB superior to 16DPSK 
at BER = and only 2.1 dB inferior to 8DPSK. 
B. Slow Fading Channel 
The BER performance under very slow Rician fading 
( f d T  = fmT = 0) is plotted with K as a parameter in 
Fig. 7. Fig. 7(a) shows the performance as a function of 
average Eb/No in the AWGN-limited channel (A + 00). 
The BER performance in the CCI-limited channel (average 
-i 00) is shown in Fig. 7(b). That K = O(-00 dB) 
corresponds to a Rayleigh channel; the BER is inversely 
proportional to average &/No or average SIR. The required 
values of average &,/NO and SIR at B E R  = loV3 are 31.1 
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4 IO 20 30 40 
Average Eb/No (dB) 
Fig. 9. BER performance in fast AWGN-limited Rician fading. 
.fmT = 0.01 and f d T  = 0, (LO1. 
dB and 35.8 dB, respectively. The performance improves as 
K increases (or the specular component becomes stronger), 
and approaches that of the AWGN channel for very large K.  
When K = 0 (5) dB, the required values of average Eb/No 
and SIR at BER = lop3  are reduced by 1.3 (6.9) dB and 
1.2 (6.5) dB, respectively. 
The performance of 16DAPSK is compared with that of 
MDPSK in Fig. 8. Under Rician fading with K = 5 d3, 16 
DAPSK requires 1.7 (1.6) dB less average &/No (SIR) at 
BER = 10V3 than 16 DPSK. The difference between the 
required values of average &/No (SIR) becomes smaller as 
K decreases; however, it is still 1.4 (1.5) dB when K = -a 
dB (Rayleigh channel). 
C. ESfect of Doppler Spread 
Under fast fading, the BER value approaches a floor value 
due to Doppler spread as average Eb/No increases. This 
is shown in Fig. 9 for f d T  = 0, 0.01 and fmT = 0.01 
(corresponding to a speed of 86.4 km/h assuming 2 GHz 
carrier frequency and 16 k symbol/s transmission). The BER 
floor cannot be reduced by increasing the transmission power. 
Assuming f d T  = 0, the irreducible BER’s due to Doppler 
spread are plotted as a function of fmT in Fig. 10. At fmT = 
0.01, the irreducible BER value is 3.1 x lop3 for K = -m 
dB (Rayleigh channel) and decreases rapidly as K increases 
above K = 0 dB; the BER decreases to 1.4 x lop4  when 
K = 5 dB and is below when K = 10 d3. 
I 
i 
10-61 t I I l l  I I l l  
0.001 0.01 0.1 
f m T  
Fig. 10. Irreducible BER due to Doppler spread. f d T  = 0 
D. Doppler Shij? Correction 
It can be seen in Fig. 9 that when Doppler shift is present 
( f d T  # 0), the BER performance becomes worse. This is 
more clearly shown in Fig. 11 for fmT = 0.04. As I f d T l  
increases, the BER increases; this is more evident at large 
values of K. It is observed in Fig. 11 that when K = 20 dB 
and average &,/NO = 18 dB, fdT = 1t0.015 (this corresponds 
to fd = f 2 4 0  Hz for 16 k symbol/s transmission) increases 
the BER value almost 10 times. The reason for this adverse 
effect of Doppler shift is as follows. As K becomes larger, the 
specular component contributes more to the detector output. 
Therefore, the DPD detector output, on which the 8DPSK 
decision is made, is offset by 2nfdT radians. This phase 
offset reduces the decision phase margin, which is n/8 radians 
without Doppler shift, resulting in degraded BER performance. 
To reduce the effect of Doppler shift, the correction scheme 
proposed by Simon and Divsalar [SI can be used to shift the 
specular component frequency to the center frequency. With 
Doppler shift correction, (2) is replaced by 
Z, = a s ,  expjo + (dZEts ,nsn  + d Z t % , n d x , n )  
. exp - j2n fdnT + wn. (26) 
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Fig. 1 1 .  Effect of Doppler shift of specular component. f,T = 0.04. (a) average &/No = 18 dB. (b) average Eb/No -+ 00 dB. 
The Rayleigh fading processes associated with desired signal 
diffused component and the CCI component are frequency 
shifted by - f d  Hz. Therefore, the distributions can be obtained 
simply by the following replacement 
f d  -+ 0 
& + & exp - j 2 r f d T .  (27) 
It should be pointed out that the BER of 2DASK is inde- 
pendent of the Doppler shift correction owing to amplitude 
detection. The calculated results are plotted as dotted lines 
in Fig. 11 for comparison. It is observed that for low 
region where AWGN is the major cause of errors, i.e., average 
.&/NO = 18 dB [see Fig. Il(a)], Doppler shift correction 
works satisfactorily; however, when the Doppler spread is 
the major cause of errors, i.e., average &/NO = 60 dB 
[see Fig. ll(b)], the effect of Doppler shift correction is 
not significant. This is attributed to the asymmetrical power 
spectrum of the diffused component after Doppler correction. 
The equivalent Doppler spread after correction is given by 
( fm  + I fdl) Hz. So, it increases with I f d T I .  This enlarged 
Doppler spread increases the irreducible BER. 
V. CONCLUSION 
The BER performance of Rician faded 16DAPSK with dif- 
ferential detection was theoretically analyzed in the presence 
of Rayleigh faded CCI and AWGN. Exact expressions for the 
distributions of differential phase noise and amplitude ratio 
were derived; these are given as simple-to-evaluate single 
integral forms. Numerical results of BER performance were 
presented for various values of K factor, Doppler spread, 
and Doppler shift. It was shown that the BER performance 
improves as K increases (or the specular component becomes 
stronger). When K = 5 dB, the required values of average 
&/NO and SIR at B E R  = are reduced by 6.9 dB 
and 6.5 dB, respectively, from those in Rayleigh channels 
( K  = -co dB). The irreducible BER value due to Doppler 
spread at fmT = 0.01 decreases from 3.1 x lop3 to 1 . 4 ~  
as K increases from -KI dB to 5 dB. We also showed the 
effect of Doppler shift correction. A performance comparison 
between 16DAPSK and MDPSK was presented. It showed 
that 16DAPSK is superior to conventional 16DPSK with 
differential detection. In AWGN channels, it is 2.3 dB superior 
to 16DPSK at B E R  = lop3. In Rician channels with K = 5 
dB, it requires 1.7 (1.6) dB less average &/NO (SIR). 
APPENDIX A 
When K + 0 (Rayleigh channel), E ,  p l ,  and p2 in ( l l ) ,  
and a and p in (17) become zero. However, W / [ U  - V sint - 
W c o s ( A q - 2 r f d T ) c o s t ]  in(11)and (P2-a2) / [p2+a2-  
2ap cost]  in (16) are not zero. We use the following identity 
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[ F ( $  = -2) - F($J = 2) + F ( $  = -9) - F($ = F)] M = 4  
M = 8  [F( - ; )  - F ( ; )  + F ( - g >  - F ( g ) ]  
2 { F ( $  = -7) - F ( $  = F)} + 2{F($  
+F(T = -&) - F ( $  = %7r -) + F($ = 
+F($  = 16) 3 ~  - F ( $  = -Is) +%r + F ( $  
- 
( a  - b)  tan $ + c 
(u2 > b2 + c2). (Al) d a 2  - b2 - c2 . tan-’ 
Derivation of F (AT): When the integral limits are -7r/2 
and 7r/2, (Al) becomes 
Using the following trigonometric identity 
(A3) 
a + y  - s i n z + s i n y  
2 cosz+cosy  
- tan -
and substituting 
into (A2), we obtain 
Letting pi = K p l ,  i = 1, 2, in (9), the first term of (20) can 
be obtained by substituting a = (pk + p i ) / 2 ,  b = -m 
cos (a7 - % f d T ) ,  and c = - ( p i  - p / , ) / 2  into (A5), and the 
second term by substituting a = 1, b = - v ‘ m  cos (Aq - 
S), and c = 0. 
Derivation u fG(Ar) :  When the integral limits are -T and 
7r, (AI) becomes 
The first term in the brackets of (21) can be obtained by 
substituting a = a2 + p 2 ,  b = -2ap, and c = 0 into (A6). 
APPENDIX B 
MDPSK modulation has a constant envelope, and thus T, 
always equals 1. The BER can be calculated from the phase 
noise distribution given by (1 1) by appropriately modifying 
p2,  p1, and T + j X ;  they are given by (Bl), shown at the top 
of the page. For Rayleigh fading, the closed form expression 
for F(Aq) is found in [lo]. We have found the average 
Hamming distance of incorrect symbols for 4-16DPSK with 
Gray encodmg. Assuming that 1 2 ~ f J ’  < n/16, the BER can 
be computed using F ( A 7 )  with (Bl) by (B2), shown at the 
top of the page. 
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